Auger processes involving the filling of holes in the valence band are thought to make important contributions to the low-energy photoelectron and secondary electron spectrum from many solids. However, measurements of the energy spectrum and the efficiency with which electrons are emitted in this process remain elusive due to a large unrelated background resulting from primary beam-induced secondary electrons. Here, we report the direct measurement of the energy spectra of electrons emitted from single layer graphene as a result of the decay of deep holes in the valence band. These measurements were made possible by eliminating competing backgrounds by employing low-energy positrons (o1.25 eV) to create valence-band holes by annihilation. Our experimental results, supported by theoretical calculations, indicate that between 80 and 100% of the deep valence-band holes in graphene are filled via an Auger transition.
I n an Auger process, the energy released when an electron from a higher energy level falls into a deeper level results in the emission of an energetic electron whose energy is characteristic of the electron levels involved. In the case of holes in core levels, the branching ratio for such a process is close to unity 1 and can result in the emission of electrons that can escape from the surface with no loss of energy. Auger electron spectroscopies based on the measurement of electrons emitted as a result of the decay of core holes produced by energetic beams of X-rays or electrons have found wide application in the analysis of surfaces 2 , and direct comparisons between theoretical line shapes and experimental spectra without background subtraction have been successful for core hole Auger spectra 3, 4 . However, there have been only indirect investigations of the spectra of Auger electrons emitted as a result of the filling of valence holes in solids 5, 6 . A similar process involving the filling of valence levels in oxygen have been recently invoked to explain low-energy electron emission following ionization of water dimers 7, 8 . The Auger spectra due to the filling of valence holes carry important information on electron correlation, surface projected density of states and the decay channels of the valence holes. The central obstacle for the direct measurement of the Auger electron spectrum produced by the valence hole decay has been the large secondary background in the low-energy regime, produced by the energetic electron or photon beams used to create the initial hole. Recent measurements in our laboratory 9 have shown that it is possible to obtain Auger spectra that are completely free of such secondary electron background by utilizing a positron beam with an incident kinetic energy below B 2 eV (ref. 10) , the threshold for impact induced secondary electron emission.
In this study, we have used a beam of 1.25 eV positrons (antimatter electrons) to measure the spectrum of electrons emitted as a result of the filling of holes in the valence band of single-layer graphene (SLG) created by the process of matterantimatter annihilation 11 . Using this method, we were able to measure the spectra of electrons emitted solely as a result of Auger transitions and free of beam impact-induced background down to 0 eV. Comparison of the ratio of the intensities of the Auger peaks due to the filling of valence and core holes to the theoretically calculated ratio indicates that the Auger process is a dominant channel for the decay of deep valence holes in graphene.
Results
Positron annihilation-induced Auger spectrum from SLG and Cu. The time of flight (TOF)-positron annihilation-induced Auger electron spectra (PAES) of SLG deposited on a polycrystalline copper substrate is shown in Fig. 1 . The TOF-PAES spectra obtained from polycrystalline Cu after the removal of single layer graphene through sputtering is also shown. Measurements revealed the existence of a strong peak at low energies in the TOF electron spectra from SLG. This peak, which occurs at B 4 eV, is due to Auger emissions resulting from the filling of annihilationinduced deep holes in the 20 eV wide valence band of the graphene layer. The low-energy peak was notably absent in the spectrum taken from the clean Cu substrate, which is consistent with the fact that the Auger electrons resulting from the filling of holes in the relatively shallow valence band of Cu do not have enough energy to leave the surface.
The mechanism that produces this low-energy peak has been described schematically in Fig. 2 . The primary hole in the valence band of graphene is created by the annihilation of a surface bound positron with electrons in the valence band (shown on the left of Fig. 2) . The annihilation-induced hole is filled by a second electron in the band and results in the excitation of another electron to an unoccupied state (shown in the middle of Fig. 2) . Following the nomenclature of Auger spectroscopy, we use the term VVV to refer to an Auger transition in which a hole in the valence band is filled by an electron higher-up in the valence band, resulting in the ejection of a third electron from the valence band. Thus, a VVV Auger process starts with one hole in the valence band and ends with two valence-band holes in the final state.
Neglecting correlation effects, the kinetic energy, KE Auger , of electrons emitted into the vacuum via a VVV Auger transition can be determined from energy conservation to be:
where E h is the energy level of the initial hole, E 1 and E 2 are the binding energies (with respect to the Fermi level) of the electronic states involved in the transition and f is the work function. From equation (1) it can be seen that the maximum kinetic energy for such an electron emitted into the vacuum is:
where D VB is the valence band width (that is, the energy difference between the top and bottom of the filled states in the valence band). Equation (1) implies that it is energetically possible for an electron to be emitted into the vacuum via a VVV Auger transition from any material with D VB 4f. In the case of graphene, the width of the valence band is B20 eV (shown on the right in Fig. 2 ) and the value of the work function is B4.5 eV (ref. 12). Thus, the electrons emitted by a VVV process can have a maximum kinetic energy of B15 eV. However, for Cu, the width of the valence band with appreciable density of states is only B4 eV (ref. 13 ) and hence, a VVV Auger transition does not result in measurable emission of electrons into the vacuum.
In addition to the low-energy peak corresponding to the VVV Auger transition, the TOF spectrum of SLG on Cu (Fig. 1) shows an Auger peak corresponding to KVV transitions to the Carbon 1s level at 263 eV. The spectrum also shows the presence of adsorbed oxygen on the surface of SLG through the Auger peak corresponding to the KVV transition (503 eV) in oxygen. The spectrum from the clean polycrystalline Cu substrate after the removal of the graphene layer has three main features: the Auger peaks corresponding to M 2,3 VV and M 1 VV transitions at 60 and 108 eV, respectively, and a low-energy tail (LET) which has contributions from inelastic loss of the higher energy Auger peaks. The intensity under the LET (defined till 30 eV) of clean Cu is only B1.7 times the intensity in the Cu spectrum above 30 eV. A similar LET, with intensity proportional to the intensity in the high energy Auger peaks, is expected in the electron spectrum from SLG on Cu due to the inelastic loss of higher energy Auger peaks (for example, the KVV peak from C). However, the integrated intensity in the energy range from 0 to 11 eV is more than an order of magnitude larger than the integrated intensity of the higher energy Auger peaks. Consequently, contribution from the inelastic scattering of the high energy Auger electrons is minimal in the region of the VVV peak.
Theoretical calculation of the VVV Auger spectrum. Quantitative information regarding the VVV Auger process was obtained by comparing the experimentally obtained VVV Auger electron energy spectrum with the theoretical spectrum. The calculation of the Auger line shape is based on a model similar to the one used for Auger neutralization of ions on solid surfaces 14 . First, the electronic structure and the positron state for free standing SLG and for SLG on Cu (111) (unit cell used to simulate SLG on a Cu (111) surface is shown in Supplementary  Fig. 1 ) were calculated from first principles (details in the Methods section and in Supplementary Note 1). For both free standing SLG and SLG on Cu (111), we find that the positron is located in a surface localized state (with the beam intensity used in our experiment, the probability of a second positron arriving before the annihilation of the first one is very small, o1 p.p.m., and hence there is only one positron on the surface at any time). In the case of SLG on Cu, the positron is predominantly located at the vacuum side of the graphene layer, but there is still a nonnegligible overlap of the surface localized positron wave function with the first atomic layer of the Cu substrate (Fig. 3a,b) . This is consistent with the experimental data for SLG on Cu which shows a small peak corresponding to the M 2,3 VV Auger transition in Cu.
After calculating the electronic structure and the ground-state positron wave-function on free standing graphene, the partial annihilation rates of the positron with the valence electrons were obtained using the overlap integral of the electronic and positronic ground state wave functions. The spectrum of annihilation-induced holes, as shown in Fig. 3c , was then calculated by summing the partial annihilation rates of the positron with electronic states at a given energy. The energy distribution of the annihilation-induced holes was then used together with the valence-band density of states and the density of unoccupied states of the free standing graphene to calculate the energy spectra of electrons emitted through the VVV Auger process (equation (2) in Methods). In the calculation, it was assumed that all the valence-band holes relaxed through energetically allowed VVV transitions (the calculated energy spectrum, the calculated TOF spectrum and the electron energy spectrum after considering the instrumental broadening are shown in Supplementary Figs 2-4 , respectively). The small contribution from the LET of the high-energy Auger peaks has been subtracted from the spectral intensity below 11 eV in the experimental curve (Supplementary Note 2 and Supplementary Figs 5-7) before comparing it to the calculated spectrum. The comparison of the experimental and the theoretical VVV Auger line shapes (Fig. 4) shows that the calculated spectrum reproduces the overall width and shape of the experimental peak.
Branching ratio of the VVV Auger process. After correcting for the loss in the Auger peak intensities due to inelastic scattering (Supplementary Note 3), it was found that the measured ratio of the integrated intensity of the C VVV Auger peak to the integrated intensity of the C KVV Auger peak is 21±4 (see Supplementary Note 4 for details of calculation). To estimate the branching ratio for the 'VVV' Auger decay of the deep valence hole, we have compared this measured ratio to the theoretically calculated ratio. The integrated intensity of the C KVV Auger peak was theoretically calculated by assuming that all core holes created via positron-electron annihilation decay through an Auger process which is consistent with the previous results on the Auger transition rates of K-shell holes in C (ref. 15) . The ratio of the calculated integrated intensities of the C VVV and C KVV Auger peaks is 20.7, assuming all of the valence-band holes that are deep enough to result in electron emission into the vacuum undergo a VVV Auger transition. The calculated ratio is comparable to the experimental ratio if the branching ratio in the calculation was taken to be between 0.8 and 1 (where the range of the estimate was set by the uncertainty in the measurements of the integrated intensity ratio). Therefore, nearly all deep holes (between 80 and 100%) in the valence band of graphene decay through an Auger process resulting in hole multiplication near the Fermi level. While other mechanisms, for example phonons, may contribute to line shape broadening, our data indicate that the majority of the energy associated with the initial deep hole contributes to an Auger process. Note that the higher intensity of the positron induced VVV Auger peak in comparison to the KVV Auger peak is primarily due to the fact that B99% of the positrons annihilate with graphene valence electrons. Also, note that the momentum of the electron emitted via an Auger process is taken into account in the theoretical calculation of the line shapes and the integrated intensities of the Auger peaks via the phenomenological approach introduced by Hagstrum et al. 14 .
Discussion
Our work reveals that the emission of electrons as a result of Auger transitions involving the filling of deep holes in the valence band is highly efficient in graphene, with a branching ratio close to unity. Hence, VVV Auger processes can be expected to make an important contribution to the low-energy photoelectron or secondary electron spectra from graphene. The analysis of the intensity and shape of the low-energy photoelectron and secondary electron spectra from other wide band materials should consider the VVV Auger process provided the branching ratio of the VVV Auger process is significant. The use of low-energy positrons to create valence holes in solids can be easily extended to investigate the ionization processes following the creation of deep valence holes in molecules and molecular clusters (water, Ne clusters and organic molecules) 7, 8, 16 by depositing them on a substrate. The experiments on organic molecules can elucidate the role of valence Auger processes in radiation damage by ionizing radiation. The efficient decay of valence hole with the emission of a low-energy electron (o11 eV) in C, as shown in this paper, can be an important pathway in radiation damage of living tissues. Low energy electrons (o20 eV) have been shown to be very effective in causing DNA strand breaks through dissociative electron attachment [17] [18] [19] .
The modelling of the line shape of the VVV Auger peak in SLG is in good agreement with the experimental data without considering the hole-hole repulsion in the two-hole final state. However, in systems where the hole-hole repulsive potential is comparable to the width of the valence band 20, 21 , the correlation effects would have an important role in determining the line shape and the peak position of the VVV Auger peak. The VVV line shape analysis can thus yield key information on hole-hole correlation effects and on the density of states of the top layer of the samples. The top layer sensitivity is due to the fact that positrons deposited at low energies become trapped in a surface localized state on a two-dimensional (2D) material, where they annihilate predominantly with atoms in the topmost atomic layer (for example, in our calculations shown in Fig. 3a ,b, 92% of the positrons annihilate with the single layer of graphene). The use of a low-energy positron beam thus provides a novel method to selectively probe 2D materials on a substrate and paves the way for the direct comparison of theoretical models of the density of states and correlation effects in 2D materials.
We have shown that a model used for the Auger neutralization involving the filling of a hole in an incident ion can also predict the decay of the hole in the valence band of a homogeneous material, and the model has allowed us to estimate the branching ratio for the Auger decay of valence holes in graphene. The finding that the Auger decay of the valence hole happens more than 80% of the time correlates well with earlier results on the prominence of the Auger-like processes in the graphene valence band resulting in hole multiplication 22 . Extending our measurements to other materials (like Si) will allow us to test theories of Auger relaxation in the valence band that are important in modelling fluorescence droop 23 and charge multiplication 24 in semiconductors. Our results open up new avenues for the measurement of both the intensity and electron energy distribution from an important mechanism for low-energy electron emission in solids and molecules that, up till now, has been inaccessible to direct measurement.
Methods TOF-PAES. The measurements were performed using the UT Arlington TOF-PAES system, consisting of a low energy positron beam equipped with a B1 m flight path TOF spectrometer (Supplementary Fig. 8 ). The system was configured so as to permit both the transport of a very low-energy positron beam ( Supplementary Fig. 9 ) to the sample and the measurement of the energy of electrons emitted from the sample over a wide range of energies (0.25-800 eV). The apparatus and low-energy settings used have been described in detail in Supplementary Note 5. The TOF spectra were converted to energy spectra using an energy conversion function empirically derived from a set of calibration curves ( Supplementary Figs 10 and 11) as described in Supplementary Note 6 and Supplementary Fig. 12 . All of the spectra shown in this paper have been normalized by dividing by a number proportional to the number of positrons annihilating at the sample as determined from the detected annihilation gamma rays.
Sample. SLG on Cu substrate grown using the chemical vapor deposition (CVD) technique was purchased from ACS materials. The sample was put into the UHV TOF-PAES spectrometer in the as-received condition. To obtain a PAES spectrum from pure Cu, the SLG over-layer was sputtered using Ar ions at a pressure of 5 Â 10 À 6 Torr with a sputtering current of o1 mA. A sputtering of 4 min was enough to obtain the M 2,3 VV and M 1 VV Auger peaks from Cu which show that the SLG acts like an excellent passivation layer. The clean Cu data shown in this paper has been sputtered for 20 min.
Data analysis. The LET arising out of inelastic loss processes and cascade processes of higher energy Auger peaks in the TOF-PAES spectra of SLG was subtracted from the low-energy VVV Auger peak. The LET of the Cu PAES spectrum was fit to a model function ( Supplementary Fig. 5 ) and was used to estimate the LET in the TOF-PAES spectrum of SLG by scaling the LET intensity to the spectral intensity from 30 eV to 750 eV (which encompasses the Auger peaks of C, O and Cu) in SLG. The subtraction process is detailed in Supplementary Note 2 and Supplementary Fig. 6 . The TOF spectrometer used in the experiment was simulated using SIMION 8.1 (ref. 25) to explore the energy dependence of the electron transport efficiency of the spectrometer. A drop in transport efficiency was found for electron energies above 500 eV and for energies below 1 eV (Supplementary Fig. 13 ). Transport efficiency as a function of energy was fit to a functional form and was used to correct the Auger spectra (Supplementary Note 7). To account for instrumental broadening, the calculated Auger spectrum has been used as an input to the charged particle trajectory simulation of the experimental setup (Supplementary Note 1 and Supplementary Fig. 2 ). The output of the simulation is a TOF spectrum ( Supplementary Fig. 3 ) which has been converted to the energy spectrum ( Supplementary Fig. 4 ) and smoothed using the same algorithm (Supplementary Note 6) employed on the experimental TOF spectrum.
Theoretical calculations. The line shape of the annihilation induced VVV transition is obtained by first calculating the distribution of annihilation induced holes in the valence band and then applying formalism similar to that used previously in the interpretation of ion neutralization experiments 14, 26 .
The distribution of annihilation induced holes in the valence band was determined by first solving for the positron surface state wave function, and then using this wave function to calculate the partial annihilation rate l E h ð Þof the positron with electron states at energy E h . The calculation of the surface state wave functions and the annihilation rates, l, with core and valence electrons were performed within the framework of the two-component electron-positron density functional theory. We use a non-local weighted density approximation to describe the electron-positron correlation effects 27 , using the Drummond enhancement factor 28 , to obtain a correct image potential far away from the surface. The distribution of initial, annihilation-induced holes are determined by the partial annihilation rate l E h ð Þ of the positron with the electronic states at a given energy E h . This quantity is obtained from an integration of the annihilation rate over the Brillouin zone with each electronic state.
The model VVV Auger energy distribution, A E esc ð Þ, is then calculated as:
where E esc , is the kinetic energy of the Auger electron after it has exited the surface, D c is the density of unoccupied states, P e E esc ð Þ is the escape probability function 26 and T E h; E esc þ E vac À Á is the Auger transform 29 . The normalization N E h ð Þ expresses that each hole decays through an Auger transition.
The Auger transform uses the typical self-convolution of the one-particle density of states to describe the transition of the initial, annihilation induced, one-hole state to the final two-hole state 29, 30 . This type of convolution integral has been successful in describing band-like CVV Auger spectra 30 . More details of the calculation are given in Supplementary Note 1.
Data availability. The data that support the findings of this study are available from the corresponding author upon reasonable request. The TOF-PAES data, the experimental VVV energy spectrum and the calculated VVV energy spectrum can be obtained from https://uta-ir.tdl.org/uta-ir/handle/10106/26650. Comparison of the measured (square) and calculated energy distribution (line) of electrons emitted via annihilation-induced VVV Auger transition from a single layer of graphene on Cu. The calculated VVV Auger electron energy spectrum for a free standing graphene layer has been broadened using a simulated instrumental response function of the TOF-PAES spectrometer system.
